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The contrast transfer function (CTF) of the pattern electroretinogram (PERG) depends on temporal frequency. For transient stim-
ulation it is fully linear; at faster stimulation rates it becomes strongly non-linear with an accelerated shape. In this study we investigated
a range of stimulus parameters with the aim of studying the inﬂuence of temporal and spatial frequencies, as well as contrast levels, on
the CTF; eﬀects were quantiﬁed via an ‘‘index of linearity’’ IL. Both reversal rate and check size inﬂuenced linearity (p < .001), examples:
At a constant check size of 0.8, 7.7 rps: IL = 1.0; 0.8/24 rps: IL = 0.5; at a constant reversal rate of 19 rps, IL was 0.5 for 0.8, but rose
to 0.8 both for 0.2 and 18. The reason for this complex response surface remains a puzzle, it cannot be explained by varying parvo/
magnocellular contributions, and its possible inﬂuences on recordings in patients merit further studies.
 2007 Elsevier Ltd. All rights reserved.
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The pattern electroretinogram (PERG), described for
the ﬁrst time by Riggs, Johnson, and Schick (1964), is the
electric signal evoked when the retina is stimulated with a
contrast-reversing pattern stimulus (for reviews see Bach
& Hoﬀmann, 2006; Holder, 2001). Though the exact gener-
ator of the PERG has not been pinpointed, and it is very
likely that the response is composed of contributions from
several generators, current source density analysis in cats
showed that the signal originates in the inner retina (Siev-
ing & Steinberg, 1987). Transsection of the optic nerve in
cats (Maﬀei & Fiorentini, 1981) and in humans (Dawson,
Maida, & Rubin, 1982) [though not in pigeons (Bagnoli,
Porciatti, Francesconi, & Barsellotti, 1984)] caused a com-
plete loss of the PERG, which, in the former, has been
attributed to ascending degeneration of retinal ganglion
cells (RGCs) (Holla¨nder, Bisti, Maﬀei, & Hebel, 1984).0042-6989/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
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(to stimulation rates less than about 6 rps) are a positive
deﬂection which is followed by a negative trough, which,
in primates, have been designated P50 and N95, respec-
tively. A number of studies indicate that these components
partly diﬀer in their origins (Bach & Hoﬀmann, 2006):
Injections of tetrodoxin, which blocks spiking activity, sup-
press the negative deﬂection in non-human primates but
has less eﬀect on the positive deﬂection (Viswanathan,
Frishman, & Robson, 2000), and similar ﬁndings were
reported in a human patient with optic nerve disease
(Holder, 2001).
The relationship between stimulus contrast and the
PERG signal is a complex one. Early studies in the
1980’s found that for low temporal frequencies, changing
the contrast of the PERG stimulus leads to (almost) linear
changes in PERG amplitude (Hess & Baker, 1984; Thomp-
son & Drasdo, 1989). However, when Zapf and Bach
(1999) looked at the eﬀect of contrast on PERG amplitude
(the contrast transfer function, CTF) at diﬀerent temporal
frequencies, they found that the CTF is not linear for all
G. Ben-Shlomo et al. / Vision Research 47 (2007) 1992–1999 1993experimental conditions as previously thought. While the
CTF is indeed linear at low (7.5 rps and less) temporal fre-
quencies, it becomes progressively non-linear (exponential)
at higher temporal frequencies. This ﬁnding was unex-
pected as it clashes with hypotheses linking the PERG gen-
erators to the magnocellular system: It is believed that the
magnocellular system is characterized by a low threshold,
saturating CTF, whereas the parvocellular system transfers
contrast linearly (on a log contrast scale, Derrington &
Lennie, 1984; Tootell, Hamilton, & Switkes, 1988). Fur-
thermore, higher temporal frequencies slightly favour the
magnocellular system (Levitt, Schumer, Sherman, Spear,
& Movshon, 2001). Thus it would be expected that the con-
trast transfer function would saturate with increasing tem-
poral frequency. However, as noted, Zapf and Bach (1999)
found the opposite, an increasingly accelerating
characteristic.
The implications of the relationship between stimulus
contrast and the PERG signal reach beyond better under-
standing of retinal physiology. Consistent with its inner ret-
inal origins, the PERG has been used to evaluate ocular
hypertension and glaucoma patients (Bach, 2001; Gar-
way-Heath, Holder, Fitzke, & Hitchings, 2002; Korth,
1997; Toﬀoli et al., 2002). One of the changes reported in
the PERG response of glaucoma patients is reduced con-
trast sensitivity for both luminance and chromatic contrast
stimuli (Porciatti, Di Bartolo, Nardi, & Fiorentini, 1997).
However, glaucoma is most prevalent in elderly patients,
who may suﬀer from age-related (physiological and patho-
logical) changes in ocular optics such pupil size, suboptimal
accommodation and media opacities (Muir, Barlow, &
Morrison, 1996; Thompson & Drasdo, 1989; Tomoda,
Celesia, Brigell, & Toleikis, 1991; Trick, Nesher, Cooper,
& Shields, 1992). All of these factors may aﬀect the con-
trast sensitivity of the retina in the elderly subject, and
could potentially introduce an age-related artifact in the
electrophysiological diagnosis of glaucoma.
In this study we investigated additional stimulus param-
eters, including extreme stimulus parameters that have not
been previously evaluated, with the aim of studying the
inﬂuence of temporal and spatial frequencies, as well as
contrast levels, on the CTF. To quantitatively assess linear-
ity and deviation thereof, we devised an index of linearity
which equals 1.0 when the contrast transfer characteristic
is fully linear, and equals 0.0 in the (unphysiological) case
of a step function.2. Methods
2.1. Subjects
Altogether, 6 normal subjects (mean age 27.2, range 21–34 years) par-
ticipated in the study, 4 in experiment 1, 2 more in experiments 2a and 2b.
All subjects were optimally refracted, and their visual acuity was P1.0 at
the stimulation distance of 57 cm (using the Freiburg Visual Acuity Test;
Bach, 2007). They were introduced to the study and signed a consent form
prior to the experiment, but the speciﬁc aims of the study were not dis-closed. The experiments were conducted in accordance with the 1964 Dec-
laration of Helsinki (World Medical Association, 2000) for the use of
human subjects in biomedical research.2.2. Stimuli
Stimulation, recording and analysis were performed by the EP2000
system (Bach, 2000) based on a Macintosh-G4 computer. The stimuli were
generated with a resolution of 800 · 600 pixels at a frame rate of 75 Hz
and displayed on a raster-scan display (Bach, Meigen, & Strasburger,
1997), covering a ﬁeld size of 32 · 27.0 at the observation distance of
57 cm. The mean stimulus luminance was 45 cd/m2.
We cut several slices through the parameter space of reversal
rate · contrast · check size. In experiment 1, temporal frequency was var-
ied to determine a setting with strong non-linearity of the CTF. Four dif-
ferent temporal frequencies (7.5, 19, 25 and 38 rps) and 2 contrast levels
(46%, 95%) at a check size of 0.81 were employed. The temporal fre-
quency of 19 rps, that showed both a high nonlinearity and high ampli-
tudes, was chosen as the setting for the two subsequent experiments.
In experiment 2a, the stimulus was presented using 5 diﬀerent check
sizes (0.21, 0.38, 0.81, 1.6 and 18) at 19 rps with 46% and 95% con-
trast. In experiment 2b, the stimulus was presented using 5 diﬀerent con-
trast levels (25%, 46%, 63%, 79% and 95%) at 19 rps with a check size of
0.81.
For all experiments, stimulation occurred in interleaved block designs,
repeating the cycle covering all stimulus values 8 times. A ﬁxation cross in
the middle of the screen was replaced by a small random digit for 300 ms
in random intervals (6–30 s). The subject was instructed to verbally report
the digit to ensure steady ﬁxation and accommodation.2.3. Recording
In all subjects, PERG signals were recorded simultaneously from both
eyes, using DTL electrodes placed at the lower limbus of each eye. These
active electrodes were referenced to gold cup electrodes at the ipsilateral lat-
eral canthi, andone earlobewas grounded.All electrodeswere placedby one
investigator (GBS). Electrical impedance was less than 3 kX for all elec-
trodes. Subjects were instructed to blink only infrequently during recording,
and to maintain a relaxed pose. Sweeps with excursions exceeding 100 lV
were rejected as artifacts. The potentials were ampliﬁed and ﬁltered (ﬁrst
order band-pass, upper frequency limit 100 Hz, time constant 0.1 s) by a
Toennies ‘‘Physiologic ampliﬁer’’. They were digitized at 1 kHz with
12 bit resolution and displayed on-line by the computer which simulta-
neously generated the stimuli. Sweep length was 650 ms. To prevent tempo-
ral aliasing, all timing (stimulation, analog sampling, and sweep length) was
related to the stimulus monitor frame rate (Bach et al., 1997). The duration
of the recording was approximately 1 hour per subject.2.4. Analysis
Averaged sweeps were digitally phase-neutrally low-pass ﬁltered at
40 Hz oﬀ-line. Fourier analysis was conducted on all recorded signals,
and the noise-corrected magnitude at the reversal frequency was taken
as the response measure. Since the sweep length always contained an inte-
ger number of stimuli, no overspill to adjacent frequencies could occur
(Bach &Meigen, 1999). To avoid statistical problems with interocular cor-
relations, we averaged the results for the eyes of each subject and used the
number of subjects, not the number of eyes, for all statistical tests (Ederer,
1973).
To extract the ‘‘true’’ response from the noise-contaminated spectral
magnitude (noise and response add non-linearly) (Strasburger, 1987) we
subtracted a noise estimate that was based on the mean of the two neigh-
boring frequencies (Enroth-Cugell & Robson, 1984; Norcia, Tyler,
Hamer, & Wesemann, 1989). This noise estimate also allowed us to assess
the statistical signiﬁcance of the responses (Bach & Meigen, 1999; Raz,
1994 G. Ben-Shlomo et al. / Vision Research 47 (2007) 1992–1999Turetsky, & Fein, 1988). For all subjects and conditions, the noise correc-
tion was <10%, and the amplitude of the ‘‘true’’ response was signiﬁcantly
diﬀerent from the noise (P < .05).
Phase / of the response was deﬁned with the following convention:
f ðtÞ ¼ cosðx  t  /Þ;
thus later peak time corresponds to higher phase values. There is some
inconsistency in the literature on the sign of phase, and Shapley and Victor
(1986) for instance use the opposite convention.
For all analyses we assumed that zero contrast would evoke zero noise-
corrected PERG amplitude. Data analysis and ﬁgure preparation was per-
formed with Igor Pro (Wavemetrics Inc., Lake Oswego, USA), statistical
analysis used the ‘R’ system (R Development Core Team, 2006). ANOVAs
were set up as repeated measures models with respect to subject. Factors,
depending on the experiment, were contrast and (temporal) frequency.5µV
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Fig. 1. Representative individual traces of the right eye of a normal subject in
diﬀerent contrast settings are presented. Note the exponential increase in amp3. Results
Results of experiment 1 are shown in Fig. 2, which
presents the grand mean response of the four subjects.
Fig. 2a presents the mean amplitudes as a function of
stimulus contrast, for each of the 4 temporal frequen-
cies used (ANOVA: p < .001 for contrast, frequency
and contrast · frequency). In Fig. 2b the amplitudes
are normalized to 1.0 at 100% contrast for easier com-
parison (ANOVA: p < .001 for the interaction con-
trast · frequency). It is evident that amplitude
increases monotonically with contrast but that this rela-
tionship depends on the temporal frequency of the10 100
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experiment 2b. Responses to 0.81 checks presented at 19 rps and at ﬁve
litude of the last three traces (see also Fig. 4).
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Fig. 2. Experiment 1. Steady-state PERGs were recorded from 4 subjects at four diﬀerent temporal frequencies (7.5, 19, 25 and 38 rps) and two contrast
levels (50%, 100%). Grand mean amplitude (a), normalized amplitude (b), and the ‘‘index of linearity’’ (1 = linear, <1 = ‘accelerated’ deviation from
linearity-(c)) are depicted. The temporal frequency of 19 rps, which yielded a high non-linearity and high amplitudes, was chosen as the setting for the two
subsequent experiments. Error bars represent ±SEM.
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interaction).
To easily summarize the contrast characteristic’s devia-
tion from linearity we deﬁned an ‘‘index of linearity’’ as
follows:
IL ¼ Amed=Ahi  Chi=Cmed;
where Cmed and Chi represent the intermediate (50%) and
high (100%) contrast levels, and Amed and Ahi represent
amplitudes at the respective contrast levels.
IL is designed such that it is 1.0 when the amplitude at
50% contrast is half of that at 100% contrast; IL is below
1.0 when an accelerated non-linearity occurs (as found
here), and above 1.0 if a saturating-type of linearity would
prevail (not found here). Since 100% contrast can never be
achieved, and the intermediate contrast here was 46%
rather than 50%, the contrast values were med = 46%
and hi = 95%.
Fig. 2c depicts the index of linearity IL for each temporal
frequency. At 7.5 rps, IL = 1.03, indicating that the CTF is
close to linear. At higher temporal frequencies, the progres-
sive ‘‘accelerated’’ deviation of the CTF from linearity is
reﬂected in a decreasing index of linearity (19 rps,
IL = 0.58; 25 rps, IL = 0.49). At the highest temporal fre-
quency used (38 rps), IL increases to 0.61, thus returning
a little towards linearity. The ANOVA of the index of lin-
earity reports a highly signiﬁcant eﬀect for frequency
(p < .001).
Based on the results of experiment 1, we chose the rever-
sal rate for the two subsequent experiments: While the
25 rps stimulus yielded a somewhat stronger deviation
from linearity, it also generated lower amplitude responses
(Fig. 2a). As the diﬀerence in index of linearity between
these two temporal frequencies was small, we chose
19 rps which generated higher amplitudes with a better sig-
nal-to-noise ratio.
Fig. 3 presents results of experiment 2a, which addressed
the eﬀect of check size on the CTF at the temporal fre-
quency of 19 rps. Fig. 3a presents the grand mean ampli-tudes as a function of stimulus contrast, for the 5
diﬀerent check sizes used (0.21, 0.38, 0.81, 1.6 and
18). In Fig. 3b the amplitudes are normalized to 1.0 at
maximal contrast for easier comparison. From this nor-
malized plot it is evident that the CTF of both boundary
check sizes in this experiment (i.e., 0.21 and 18) was
approaching linearity, with IL of 0.81 and 0.83, respec-
tively. The three intermediate check sizes yielded CTFs that
deviated exponentially from linearity (repeated measures
ANOVA index · subject: p < .0001), best seen in
Fig. 3b, with a nearly identical IL of 0.59, 0.58 and 0.59,
respectively. Fig. 3d displays phase vs. contrast for the 5
check sizes. Increasing check size from 0.2 to 18 reduces
phase monotonically at 46%, the same holds, within error
margins, for the contrast of 95%.
Experiment 2b evaluated the eﬀect of contrast on ampli-
tude using a ﬁner resolution on the contrast scale (24%,
48%, 60%, 78% and 96%) at 19 rps and 0.81 check size.
Fig. 1 had depicted a sample subject from this series;
Fig. 4 presents the grand mean result. The responses to
the ﬁrst two contrast levels (24% and 48%) lie on a straight
line connecting to zero, at 60% already the ﬁrst deviation
towards an accelerated characteristic occurs, getting pro-
gressively stronger.4. Discussion
The shape of the contrast transfer function (CTF) in the
PERG was found to depend strongly on the temporal fre-
quency and check size of the stimulus. While for slow stim-
ulus presentation the CTF is linear, it has a markedly
accelerating shape at temporal frequencies above 10 Hz.
This shape of the CTF held for stimuli 0.4–1.6 in size; at
the smallest (0.2) and at the largest check size (18) the
CTF became more linear, though not fully.
Our ﬁndings at low temporal frequencies are in agree-
ment with previous studies in humans and non-human
primates. Several studies have shown that for slow stimula-
tion, the CTF is linear for the P50 and N95 component,
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Fig. 3. (a) Experiment 2a, evaluating the eﬀect of check size on the CTF. Stimuli consisted of ﬁve diﬀerent check sizes (0.21, 0.38, 0.81, 1.6 and 18)
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tion (Bui, Fortune, Cull, Wang, & Cioﬃ, 2003; Thompson
& Drasdo, 1989; Zapf & Bach, 1999).
Hess and Baker measured at 2 and 16 rps and ﬁtted their
data points with a straight line (Hess & Baker, 1984).
Inspecting their Fig. 4a–d, there is an accelerating function
for the condition of 16 rps and ‘‘square wave in time and
space’’. At other parameters there was no hint of an accel-
erated function. Thus the present ﬁndings were already
hinted at by Hess and Baker, but swamped by their linear
ﬁt (Hess & Baker, 1984). Their animal data (Hess, Baker,
Zrenner, & Schwarzer, 1986) show a very strongly acceler-
ating function, stronger than the one we obtained here.
A previous study that covered a range of temporal fre-
quencies (Zapf & Bach, 1999) (covering 7 to 21 rps) at
one single check size (0.8) reported a break of the CTF
from linearity at elevated temporal frequencies. This agrees
with and is extended by the present ﬁndings.
One study shows a linear contrast transfer function at
16 rps stimulation rate (Porciatti, Sorokac, & Buchser,
2005, their Fig. 3). It is unclear to us how this diﬀerence
can be explained. Possibly their transfer function, which
was derived within a context of adaptation eﬀects measured
by the PERG, was aﬀected by adaptation.
We considered possible artifacts which could interfere
with the current results. First, are the contrast levels
applied really the ones we think they were? Without special
equipment, it is impossible to measure the contrast of rap-
idly changing stimuli. Indeed, CRT phosphors are known
to have a ﬁnite decay (Bach et al., 1997). However, phos-
phor afterglow has a time constant more than 100 times
shorter than a frame (13.3 ms) with our CRT, and it would
reduce all contrasts proportionally. Thus the accelerating
shape of the CTF cannot be traced to the ﬁnite phosphor
decay time.
Another technical factor lies in the deﬁnition of
response: we based our analysis on the second harmonic
in the response spectrum. And indeed, for transient stimu-
lation this harmonic would not represent the response well,
and at 7.5 rps the PERG is not yet very sinusoidal. How-
ever, this does not explain the strong non-linearity at
higher temporal frequencies, where nearly the entire
response is concentrated at the second harmonic.
Moving on from purely technical concerns: Contrast
adaptation may play a role, since this has been found to
take place, in part, in the retina. However, the eﬀects of
contrast adaptation on amplitude, while existent, are only
about 5% (Heinrich & Bach, 2001; Heinrich & Bach,
2002a, 2002b), and thus cannot explain the eﬀect size of
up to a factor of two found here. It should also be noted
that all stimuli were applied in an interleaved block design,
that is each parameter combination was only applied for
around 10 s, then the next one; each such block occurred
eight times. So any sequential eﬀects from adaptation, pre-
vious light exposure or subject cooperation would spread
out evenly over all stimulus conditions. Phase dependence
gives hints on contrast gain control: Phase decrease (ourphase convention, see Methods) with increasing stimulus
contrast is indicative of a contrast gain control mechanism,
linking the response to magnocellular cells (Shapley & Vic-
tor, 1978; Levitt et al., 2001). The dependence of phase on
check size (Fig. 3d) does not mirror the ‘‘bathtub’’ shape
shown by the amplitude non-linearity, being most pro-
nounced for intermediate check sizes (Fig. 3c); thus phase
here provides no hint on possible mechanisms. The mono-
tonical reduction of phase with increasing check size ﬁts
with the reduction of peak time when going towards large
check sizes as reported, for instance, by Bach and Holder
(1996).
A physiological explanation is not apparent to us at this
time. When considering temporal frequency and check size,
the subdivision of the visual system into magno-parvo- and
koniocellular pathways immediately springs to mind, and
indeed this subdivision is already present at the ganglion
cell level (Pa vs. Pb cells, and possibly the blue-yellow
resolving ganglion cells) (Hendry & Reid, 2000; Merigan
& Maunsell, 1993). Leaving the large overlap of magno
vs. parvo in the temporal domain (Kremers, Weiss, &
Zrenner, 1997) aside, and whatever the relative contribu-
tion of magno and parvo to the PERG, an accelerating
function would not be expected. The parvo system is
roughly linear with respect to linear contrast, while the
magno system has a saturating characteristic (Kaplan &
Shapley, 1986). Furthermore, even with their large func-
tional overlap, one would expect a shift in contribution
from parvo to magno as the temporal frequency is
increased. Thus a more saturating characteristic is expected
with higher temporal frequency, exactly the opposite as
observed here. These considerations lead us to conclude
that the present ﬁndings cannot be usefully interpreted in
terms of the parvo-/magno-/koniocellular division of the
visual pathway.
Moving to clinical implications: Loss of contrast sensi-
tivity in either glaucoma patients or elderly subjects may
lead to a non-linear reduction in PERG responses to cer-
tain contrast settings. The electrophysiologist should bear
in mind the consequences of this non-linearity when inter-
preting PERG recordings in these patients. For example, a
44% reduction in the response amplitude to a 0.8 check
size stimulus presented at 95% contrast and 19 rps would
indicate only a 16% reduction in the contrast sensitivity.
Inversely it is even possible that the higher sensitivity of
the PERG at higher temporal frequencies to glaucoma
changes (Bach, 2001) can be traced to the non-linearity
examined here.
We can only leave the puzzle unsolved at this point: the
generators of the PERG show a strongly accelerating con-
trast transfer function above 10 rps, most prominent at
intermediate check sizes and becoming more linear for
checks smaller than 0.4 or lager than 4. There are wide
unexplored domains of the parameter space: sinusoidal
stimuli, retinal eccentricity, luminance and pathophysio-
logical conditions have not yet been addressed. Single-cell
recordings might also shed further light on this issue. While
1998 G. Ben-Shlomo et al. / Vision Research 47 (2007) 1992–1999the present ﬁndings demonstrate our incomplete knowl-
edge of PERG generation, they might represent an isolated
quirk or they might conceal promising clinical applications.Acknowledgments
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